ABSTRACT
INTRODUCTION
Many methodologies have been proposed and applied to investigate repetitive DNA sequences. Repetitive sequences, e.g. tandem repeats, distant repeats and palindromic repeats are frequently observed in eukaryotic and prokaryotic genomes. Tandem repeats have mainly been paid attentions to in terms of genetic diseases due to anomalies in the copy number of the repeats, and genetic markers useful for linkage analysis. Although the biological roles of repetitive sequences have been unclear, recently Achaz et al. (2000 Achaz et al. ( , 2002 have proposed a new model to explain the chromosome evolution due to tandem duplications and they mentioned that distant repeats originate from tandem repeats. Rocha and Blanchard (2002) have found that tandem repeats work as the mechanism for changing the structures of the immunodominant proteins of mycoplasmas. Thus, biological importance of repetitive sequences has increased.
To detect efficiently not only exact repetitive sequences but also approximate ones in complete genomes, a computational approach is needed because genomes usually contain a huge number of such repetitive sequences. For the purpose, many automatic detection programs, such as tandem repeats finder (TRF) (Benson, 1999) , Sputnik (Abajian, 1994 , http://espressosoftware.com/), RECON (Bao and Eddy, 2002) , RepeatMasker (Smit and Green, http://repeatmasker. genome.washington.edu/) and TROLL (Castelo et al., 2002) , have been proposed. In addition to automatic methods, visualization methods, such as REPuter (Kurtz and Schleiermacher, 1999) and color-coding (Yoshida et al., 2000) , have been used to investigate repetitive sequences from the viewpoints different from those of automatic methods. FORRepeats (Lefebvre et al., 2003) can also visualize repetitive structures by a repeat graph similar to that of REPuter. Visualization in REPuter and FORRepeats is based on the results obtained by automatic detection of short indel-less repeats hence they also work as an automatic detection program.
In the present study, a new program, Auto Dot PLOT (Adplot), for visualizing repetitive patterns of DNA sequences have been developed. It is found that the program is efficient and gives useful diagnosis power for detecting and analyzing repetitive patterns of DNA sequences. The rest of the present paper is organized as follows: in the next section, we describe details of Adplot's algorithm and comparison between Adplot and usual dotplot. In the Implementation section, a brief introduction to the usage of the program is mentioned. Results for tandem, distant and palindromic repeats obtained in yeast chromosomes 1 and 10, and human T cell receptor gene are shown in the next section. Computational speed of Adplot is also discussed in the same section. In the last section, a summary of the present paper is described. Nucleotide base codes except for A, C, G and T are recognized as N. When the left most nucleotide of a k-tuple is located at a base position i, the k-tuple is represented as t k i = s i s i+1 · · · s i+k−1 . The algorithm of Adplot is composed of two computation steps: (i) k-tuple match detection and storing the match data in a distance list and (ii) filtering the data in the distance list to remove non-significant k-tuple matches from the list. After these two steps, scattergram format data are obtained as output.
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In the first computation step, for all k-tuples in the sequence S, (i.e. t we can obtain a pair of base position and inter-copy distance, (i, d α i ), and we call this two-dimensional Cartesian coordinates type data, i.e. (x, y)-type data, 'dot' because they are plotted on a (x, y) plane later. In Adplot, repetitive sequences can be detected as continuous occurrence of dots, 'dot-step', in horizontal direction (see 'Dot-group table' subsection for formal definition of dot-step). Particularly, tandem repeats are visualized as step-like patterns composed of such dot-steps (a tandem repeat composed of n copy sequences gives n − 1 dotsteps, and the separation between the dot-steps corresponds to its repeat period). An example plot for the tandem repeat composed of three copies of 'ACGTC' is shown in Figure 1 .
Since D constructed in the first step involves many nonsignificant matches of k-tuples (random match d α i s), D has to be filtered on the basis of appropriate criterion. This filtering is performed at the second computation step. In the second step, the dots are processed by a 'window filtering'. The algorithm of the window filtering is as follows: for all dots, (i, d Threshold, M w,k,p M , for the window filtering Next problem is how to determine the threshold. Since the exact percent identity between sequences cannot be known from k-tuple match results except for the case of k = 1, some statistical model is necessary. In the present study, the threshold is determined by iid Bernoulli trial model for repeated sequence (Benson, 1999) . In this model, heads and tails correspond to a match and mismatch of nucleotide types at base positions i and i + j , respectively. Head probability p M = 0.7 is used through the present study (the filtering window of Adplot corresponds to the Bernoulli trials with a length of w). In the present window filtering, whether the dot is accepted or not depends on how many detected heads is included in the window, where detected heads mean the heads belonging to the head runs of which length is longer than or equal to tuple size k. The number of such heads, R w,k,p M , is a probabilistic variable and the value varies in accordance with the result of each Bernoulli trial. Let the threshold of the present window filtering be M w,k,p M when the filtering window has a width of w, the tuple size is k and the match probability is p M . M w,k,p M is an estimated lower limit of R w,k,p M in the Bernoulli trials with p M . This means that if the sequence region in the filtering window is a repeat sequence with a sequence similarity over about p M , it is expected that R w,k,p M of this region (corresponding to c i,α mentioned above) is larger than M w,k,p M . To determine the value of M w,k,p M , we use an exact probability distribution of R w,k,p M computed by using a recursive formula (data not shown). From the distribution, we determine M w,k,p M such that R w,k,p M is larger than M w,k,p M 95% of the time. The '95%' is taken from the value used by Benson (1999) .
Given p M , k determines the minimum value of w, because if w is too small M w,k,p M becomes smaller than k, and in this case all k-tuples will pass the filter; it does not make sense. In the present study, we determined the shortest w, w shortest k , for each k by calculating filtering window widths for which
In Adplot, w dominates the length of the indel-less region of detected repeats. Therefore, short w may detect approximate The values computed for k-tuple size k = 3, 5 and 7 are shown. The unit for these values is bp.
repeats with many indels (shorter w, more sensitive). The shortest w for given k, w shortest k , can be determined as mentioned above, however, if w is too short random matches also increase; they will cause many noise dots. In this study, we deal with filtering window widths as just parameters and not determine the value on the basis of some statistical model. We determine the w for each k in such a way that the w for k does not exceed the w shortest k for larger k. This indicates that larger k should be used for longer repeats. In the current version of Adplot, k = 3, 5 and 7 are available; window widths for these k-tuples are determined by (w for k) = (the shortest w for k + 2) − 1, where if the w for k is an even number, +1 is added. According to this calculation, w and M w,k,p M for k-tuples with k = 3, 5 and 7 are determined as shown in Table 1 .
Other features
Adplot has more features in addition to those mentioned above. Palindromic repeats In Adplot, palindromic repeats can also be visualized on the basis of k-tuple match detection and statistical filtering similar to that of direct repeats. In the case of palindromic repeats, however, continuous dots indicating palindromic repeats do not compose dot-steps, but 'dot-slopes' with a gradient of −2. This is because in a palindromic repeat of length n, s i · · · s i+n = s j +n · · · s j where i < j and s j indicates complementary base code of s j , the distance between matched bases (e.g. i and j + n, i + 1 and j + n − 1 and so on) decreases two by two as the position subscript for the upstream bases increases one by one. Since dot-slopes are clearly distinguishable from dot-steps, Adplot can visualize complex structures including both direct and palindromic repeats on one plot. An example of such complex structures is shown in Figure 7 .
Plotting downstream-dots
Dot-group table Main output of Adplot is a filtered D.
This output contains all detected dots for all base positions of the input sequence, while the regions including significant repeats are dispersed over the input genome sequence. To detect efficiently repeats from the output, the summary of computed dots is necessary. In Adplot, the summary of computed dots is provided as 'dot-group table (DGT)'.
Computation of DGT can be divided into two parts. The first part is to compute 'dot-steps'. Dot-step is a cluster of the dots with same inter-copy distance. To determine dot-steps, a threshold distance, T step , between neighboring dots is used To determine T step , it is necessary to estimate the upperbound of the distance between neighboring dots in the repeat sequence modeled by Bernoulli trials with p M . This is because when two dots are too dispersed, it is reasonable to deal with these two dots as a part of different two repeat sequences. In the Bernoulli trials, this upperbound can be estimated by the geometric distribution of order k. The geometric distribution is defined as the probability, Q k,p M (h), as a function of h, where h is the number of the Bernoulli trials and it is assumed that the first occurrence of a head run of length k in the trials occurs at h trials. T step for k = 3, 5 and 7 are obtained from the h such that Q k,p M =0.7 (h) = 0.95. Computation of the geometric distribution is performed with a recursive formula (Aki et al., 1984) similar to that used in Benson (1999) .
The second part of DGT is to define 'dot-groups'. The basic concept of dot-group is 'overlapped or neighboring dotsteps are grouped into one group'. Grouping of dot-steps is performed with single-linkage clustering; two dot-steps are clustered if the distance, u, between the two dot-steps is smaller than or equal to T group . The distance u between two dot-steps,
, and if not, u = 0 (overlapped). Default value of T group is 500 bp. T step and T group can be changed by using options. While DGT is a simple postprocessing, it enables us to estimate the position of the regions The results for yeast chromosome 1 (the parameter setting same with that of discussion section) are presented. x 1 , x 2 , y 1 and y 2 are the minimum and maximum base positions of the dot-group, and the smallest and largest inter-copy distances of the dot-group, respectively. L is the length of the dot-group and is equal to
is used as the maximum base position of the dot-group instead of x 2 . The four dot-groups denoted by * consist of the tandem and direct repeats of Figure 4 . Group number 1, 5 and 16 containing dots over 1000 correspond to tandem repeat clusters presented in Benson (1999) .
with a high dot-density and the period of the repeats included in the region. An example of DGT is shown in Table 2 .
Advantage and disadvantage of using fixed window width
In TRF (Benson, 1999) , the criterion for determining whether a head run is belonging to a tandem repeat or not differs in accordance with the period of the tandem repeat. What is the advantage of using fixed w for all repeats in Adplot? The advantage is related to indels. To detect the repeats of which copies are not only identical but also approximate, the indels, that can occur in the repeat, have to be taken into account. In the present model, we assume that a repeat sequence can be modeled by iid Bernoulli trials with a match probability p M . In this model, any part of the repeat sequence can also be described by the same model because each trial of iid Bernoulli trials is independent to each other. Therefore, we can detect repeat regions interrupted by indels if the repeat region is longer than w.
In Benson's model (Benson, 1999) , indels are approximated as single nucleotide events through an indel occurrence probability p I ; the distance variation between matched k-tuples due to indels is estimated by assuming random walk distribution. This model is similar to the linear gap penalty for On the other hand, the right dot-group with a length of L is a tandem repeat, because the upstream dot-steps are not distant from the downstream ones (d L ). It is noted that for low-similarity repeat sequences L and L can be shorter than practical length due to the present window filtering procedure.
pairwise sequence alignments, therefore it may underestimate the length of indels. In the situation, however, such that the affine gap penalty is more appropriate, the present treatment could be more valid because it has practically no limitation with respect to the length of indels. In addition, since the filtering window detects all repeats which are longer than w and satisfy the criterion, Adplot can visualize not only tandem repeats with a period longer than w but also non-tandem distant repeats longer than w (a schematic illustration is shown in Figure 2 ). The disadvantage of adopting fixed w is that the length of the repeats we can find becomes longer than w. Therefore, when we want to visualize short repeats, it is necessary to select small k (e.g. k = 3).
Comparison between Adplot and dotplot
The principle of Adplot is almost equivalent to that of usual dotplot between identical sequences if k = 1 is used. The main difference is that Adplot computes the diagonal band region of corresponding dotplot. Relationship between Adplot and dotplot is schematically depicted in Figure 3 . As can be seen from Figure 3 , the (x, y) plane of Adplot is obtained by a linear transformation of the band diagonal region of the upper triangle (or lower triangle) in the dotplot. Since Adplot calculates a narrow band region, it is much efficient compared to dotplot. Moreover, by setting options appropriately, Adplot can examine the repeats which correspond to the dots locating far from the diagonal part in dotplot (it is noted that the maximum r cutoff of the current version of Adplot is 15 000 bp, where r cutoff determines the band width). Therefore, by using Adplot, we can study not only the repeats whose copies are close to each other such as tandem repeats (near diagonal in dotplot) but also more distant repeats (far from diagonal in dotplot).
IMPLEMENTATION
The current version of Adplot can be executed through a command line only (development of a graphical user interface version is currently in progress). The easiest usage of Adplot is to use a default setting. In this case what a user have to do is just type 'adplot filename', where fasta format file is acceptable as the input file. In the default parameter setting, k = 5 and inter-copy distance range y = 1-500 bp. Other values of the parameters, k = 3 and k = 7, are also available. The start and end base positions and the smallest and largest inter-copy distances can be changed. It is noteworthy that DNA sequences with any length can be processed as long as an enough disk space remains for the output file (typically the size of the output is smaller than or comparable with the original DNA sequence file size when default setting is used). This is because Adplot adopts a looplist structure for the data structure of D. Since the output file from Adplot has simple (x, y) Cartesian coordinates format, usual plotting software, such as gnuplot (http://www.gnuplot.info), can plot it. Moreover, DGT is written by using the commands for gnuplot, hence a user can quickly plot Adplot's results by copying and pasting one line of the output file of DGT into gnuplot's command line.
DISCUSSION
To test the present method, we apply Adplot to yeast and human genome sequences. The complete genome sequence and the gene sequence data of yeast and human are taken from ftp://ftp.ncbi.nih.gov/genbank/genomes/. It is noted that repeat periods mentioned below are approximate values because they are usually not unique value when indels occur. The approximate values are mainly taken from the first dots at the 5 side of the repeats. In the present study, sequence alignments of tandem repeats are performed by wraparound dynamic programming (WDP) (Fischetti et al., 1992) in which the repeat unit at the 5 end of the repeats is used as a template sequence (score parameters: match = 4, mismatch = −5, gap-open = −10, gap-elongation = −2).
Yeast chromosome 1
In Figure 4 , the plot obtained for the region of 182 000 -189 000 bp of the chromosome 1 is shown. For this calculation, tuple size k = 7 is used. Upstream and downstream dots are denoted by solid circles and crosses, respectively. From this figure, two types of repeats can be seen. First, in the region of 183 700 -187 500 bp, dot-steps appear at inter-copy distance y = 1122 bp and this indicates that there is a tandem repeat with a period of 1122 bp in this region. Because this tandem repeat has a copy number larger than two, other dotsteps are seen above it, i.e. at y = 2244, 3366, and 4488 bp. It is noted that the dot-step at y = 2244 bp almost disappears, this means that the repeat with a period of 2244 bp has lower sequence similarity (61%) compared with those of the others (the tandem repeat of 1122 bp has a 66% sequence similarity). From the number of the dot-steps appear between y = 1122 and 4488 bp, we can know that this tandem repeat consists of about five copies. Since the length of the topmost step (y = 4488 bp) is shorter than the repeat unit 1122 bp (about half of the repeat unit 1122 bp), more accurate copy number is about 4.5; this value is confirmed by WDP. Because of its low sequence similarity, this tandem repeat can not be detected by TRF (version 3.01).
In addition to the first example seen in Figure 4 , there is another repeat in the figure (the dot-step in the region of y = 6283 bp and x = 183 131-183 458 bp). From its base position and inter-copy distance, this repeat has a length of 337 bp and is the distant repeat of which inter-copy distance is 6283 bp (sequence similarity = 79%). As can be seen from the position of downstream dots (denoted by crosses) at y = 6283, the tandem repeat of 1122 bp period is located between the distant copies with a length of 337 bp and an inter-copy distance of 6283 bp. Thus, by using Adplot, we can analyze the repetitive structure including different kinds of repeats, tandem and distant repeats. The tandem repeat and distant repeat similar to those shown in Figure 4 have already been reported by Hauth and Joseph (2002) . However, the present method is more clear and can give more information than those by their visualization, because their visualization has many crossings of lines, and does not give the information on the sequence similarity between copy sequences.
Yeast chromosome 10
Figure 5 shows Adplot's result for 366 000-367 400 bp of yeast chromosome 10. In the figure, dot-steps at y = 57 × i bp (i = 1, 2, . . . , 13) are seen and the dot-steps have non-uniform dot densities with respect to both base position and index i.
In particular, the dot-step between 366 400 and 366 800 bp at y = 285 bp and that between 367 000 and 367 200 bp at y = 57 bp are the most dense regions compared with the other dot-steps. By using TRF, we can find the tandem repeat with a period of 285 bp period between 366 453 and 367 081 bp and that with a period of 57 bp between 367 011 and 367 159 bp. Indeed the tandem repeats detected by TRF correspond to the most dense regions of those found by Adplot, what we can know about relationships between the two tandem repeats from the TRFs output is only that these two repeats are overlapped. In the result of Adplot, more information can be obtained: (i) the tandem repeats with a period of 285 bp (the left-hand side of the two most dense regions) has not only a period of 285 bp but also a priod of 57 bp, this can be seen from the dot-steps y = 57 bp below the dense region of a period of 285 bp.
(ii) In the dot-steps above the dense region of a period of 285 bp, there are dot-steps of which periods differ with an interval of 57 bp. These two results indicate that the repeat unit of the tandem repeat with a period of 285 bp is composed of a tandem repeat with a period of 57 bp (repeats four times), and the 57 bp unit has a similarity with the tandem repeats with a period of 57 bp at the right-hand side of the two dense regions. The sequence similarities of this region are computed with WDP in which template sequence is taken from the 5 side of the dense region with a period of 57 bp; it turned out that the dense tandem repeat has a 95% similarity and those of the sparse region range from 66% to 82%. From the results mentioned above, we can infer the mutational (duplicational) history of this region. From the sequence similarity, the latest duplications were occurred at the two most dense regions at y = 285 and 57 bp. Before the two duplications, these two tandem repeats could be one tandem repeat with a period of 57 bp.
The subtelomeric region of yeast chromosome 10
In Figure 6 , the result for the subtelomeric region of yeast chromosome 10 is shown. As we can see from Figure 6 , this region (713 600-714 400 bp) has the tandem repeat with a period of 36 bp. The structure of this repeat is not so simple, because dot-steps at y = 36 + 72 × (i − 1) bp, sparse dotsteps, and y = 72 × i bp, dense dot-steps, (i = 1, . . . , 6) have different dot densities. The sequence similarities of sparse and dense tandem repeats are 82% and 90%, respectively. This situation implies the duplicational history of this region. The dot-step at y = 36 bp is more sparse compared with that at y = 72 bp; this is due to its low sequence similarity which indicates the duplication of a 36 bp unit occurred before the duplication of a 72 bp unit. Therefore, the first tandem duplication of the 36 bp unit occurred in this region and the tandem repeat composed of two copies of the 36 bp unit appeared. After the event, next duplication occurred for the 72 bp unit, and this duplication generated tandem repeats has about six copies of the 72 bp unit. Moreover, in Figure 6 , relatively large blank is seen around 713 800 bp. This is an inserted sequence which has a length of 15 bp and does not have sequence similarity with the surrounding tandem repeats with a period 36 and 72 bp. This inserted sequence intercepts the tandem repeats, and this leads to a y-direction shift of the dot-steps located at the upstream of the blank region. This is because the inserted sequence increases the distance between the main part of the tandem repeats and the leftmost isolated short segment.
Palindromic repeats in yeast chromosome 10
The region of 537 000-543 500 bp of yeast chromosome 10 is shown in Figure 7 . For this region, five experimentally confirmed long terminal repeats (LTRs) are annotated in the GenBank file. In the figure, both upstream and downstream dots for direct and palindromic repeats are plotted. In accordance with Adplot's result, this region contains five repeat units, and the repeat units a, b, c, d and e are denoted by arrows. In the figure, two v-shapes are seen at the lowest part of the figure. The left one indicates that repeat units a and b are complementary to each other, i.e. sequence a + b is a palindromic repeat (c + d is also palindromic). In addition, dot-slopes between y = 2000-2700 bp, 2700-3400 bp and 5400-6000 bp indicate complementarity between unit d and e, a and c, b and d and a and e, respectively. From the dot-steps in Figure 7 , we can know that unit pairs a and d (y = 3356 bp), b and c (y = 2663 bp) and b and e (y = 5344 bp) are pairs of similar sequences (direct repeats). This complicated dot pattern which is due to the specific combination of direct and palindromic repeats of the LTRs may be useful when similar LTRs are searched.
Human β-T cell receptor gene Figure 8 shows Adplot's result for the region of 125 000-174 000 bp of human β-T cell receptor gene sequence (GenBank accession no. U66061). In this region, as written in the annotation of the GenBank entry file, there is a large duplicational unit (i.e. a large period tandem repeat) of which repeat period is over 10 000 bp. In spite of the large size, Adplot can visualize whole structure of the tandem repeat as shown in Figure 8 . In Adplot, insertion and deletion shift an upstream dot-step upward and downward, respectively, against downstream one near to the upstream one. From this point of view, it can be seen in Figure 8 that one large tandem repeat is interrupted by three insertions (the dot-step shifts around x = 138 009, 151 235 and 158 664 bp) and three deletions (those around x = 129 942, 161 539 and 168 605 bp) with lengths longer than 100 bp.
Computational time
Computational times of all yeast chromosomes are summarized in Figure 9 . These calculations are performed with a Pentium 3 PC (933 MHz, 512 Mb, Linux OS). Tuple size k = 7 and inter-copy distance range y = 30-15 000 bp are used and only direct repeats are computed (this parameter setting is more time-consuming compared with the default setting). As can be seen from Figure 9 , computational time is almost linearly scaled in Adplot except for one deviation at chromosome size = 0.086 Mb. This deviation is due to the mitochondrion chromosome of which base composition is highly biased to AT-rich compared with the other chromosomes (the G + C content of the mitochondrion chromosome is 17%). As pointed out by (Achaz et al., 2002) , biased base composition increases the number of repeats in the chromosome, leading to the increase of computational time.
In addition, we performed Adplot calculation of human chromosome 21 and 22 to measure their computational time with the PC and the parameter setting same with those of yeast. It turned out that each calculation takes about 4 and 41 min, respectively. This large computational time difference between chromosome 21 and 22 may indicate abundance of repeats in chromosome 22. This time difference may be reduced by masking simple sequence repeats. It is noted that these calculations for human chromosomes gave an output file larger than 80 and 200 Mb, respectively.
It is noteworthy that Adplot is practically O(1) in a memory usage if the base compositions of genomes are similar and inter-copy distance ranges are same.
CONCLUSION
A visualization method, Adplot, has been proposed to detect and analyze repetitive patterns in DNA sequences. The present method is based on the k-tuple match detection and the window filtering with the threshold determined on the basis of iid Bernoulli trials. Adplot was applied to the complete genome of yeast, and the tandem repeats and distant repeats found in the chromosome 1 and 10 are presented. Palindromic repeats of the LTRs in yeast chromosome 10 are also shown, and the dot pattern specific to the LTRs are found. The long tandem repeat in human T cell receptor gene sequence is also visualized by Adplot, and the large-scale structure of the long tandem repeat is clearly shown. Thus, from the visual inspection of the plots for the repeats, it turned out that Adplot can visualize complicated repeat structures of DNA sequences. Computational times for yeast chromosomes were measured and it was shown that the computational time is scaled almost linearly except for the mitochondrion chromosome because of its biased base composition. Adplot is efficient and uses almost no assumptions on the repeat structures to be found, therefore Adplot will be useful to detect and analyze an unknown kind of complex repetitive structures in complete genomes.
